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a skin layer and a porous layer. A thickness ratio of the skin
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The skin layer may have a thickness of about 1 um or less. The
membrane may have a relatively high water flux. When using
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MEMBRANE, METHOD FOR
MANUFACTURING THE SAME, AND
COMPOSITE MEMBRANE INCLUDING THE
SAME

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority under 35 U.S.C. §119 to
Korean Patent Application No. 10-2011-0036768, filed in the
Korean Intellectual Property Office on Apr. 20, 2011, the
entire contents of which are incorporated herein by reference.

BACKGROUND

1. Field

Example embodiments herein relate to a membrane, a
method of manufacturing the same, and a composite mem-
brane including the same.

2. Description of the Related Art

To acquire fresh water or gray water from sea water or
sewage and waste water, floating or dissolved components
should be removed in conformity with the standards for
drinking water. At present, reverse osmosis is conventionally
used as a water treatment method for desalinating or making
gray water out of sea water or sewage and waste water.

According to the water treatment method using a reverse
osmotic membrane, a pressure corresponding to an osmotic
pressure caused by the dissolved component is applied to the
raw water to separate a dissolved component, such as a base
(NaCl), from water. For example, the concentration of the
base dissolved in sea water ranges from about 30,000 to about
45,000 ppm and the osmotic pressure caused from the con-
centration ranges from about 20 to about 30 atm. As a result,
apressure of about 20 to 30 atm or higher is applied to the raw
water to produce fresh water from the raw water. Typically,
energy in the amount ofabout 6 to about 10 kW/m? is required
to produce about 1 m* of fresh water from sea water.

An energy recollection device has been developed and
applied in an attempt to save the energy consumed during a
reverse osmosis process. However, in this case, about 3
kW/m® of energy is required to drive a motor of a high-
pressure pump.

To resolve the problem, a water treatment process based on
forward osmosis has been suggested as an alternative. The
forward osmosis process is relatively economical compared
with the reverse osmosis process, because the forward osmo-
sis process does not require pressure but uses a natural osmo-
sis phenomenon. Researchers have been studying the devel-
opment of the forward osmosis process.

In the forward osmosis process, the chemical characteris-
tics of a membrane are important as is the structure of the
membrane. In the reverse osmosis process, since the water
passing through the membrane is transported by pressure, the
chemical characteristics of the membrane affects the water
flux of the membrane less.

However, in the forward osmosis process, the water is
spontaneously permeated to the membrane by the osmotic
pressure difference, so the hydrophilicity of the membrane
significantly affects the water flux. Accordingly, the hydro-
philic degree of a polymer for the membrane may signifi-
cantly affect the water flux of the membrane.

Accordingly, it may be favorable for the membrane to be
fabricated using a hydrophilic polymer in view of the water
flux of the membrane, but this may increase the thickness of
a skin layer due to the hydrophilicity of the polymer when the
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2

membrane is fabricated according to a non-solvent induced
phase separation (NIPS), which is a conventionally used
method.

When the skin layer is thicker, the structural factor of the
membrane is increased, which may decrease the water flux.

SUMMARY

Various embodiments relate to a membrane including a
polyacrylonitrile-based copolymer.

Various embodiments relate to a method of manufacturing
the membrane.

Various embodiments relate to a composite membrane
including the membrane.

According to a non-limiting embodiment, a membrane
including a polyacrylonitrile-based copolymer is provided.
The polyacrylonitrile-based copolymer may include a hydro-
phobic side chain and/or a hydrophobic repeating unit. The
membrane may include a skin layer and a porous layer. A
thickness ratio of the skin layer relative to the porous layer
may be about 0.01 or less. The skin layer may have a thickness
of'about 1 um or less.

The membrane may have a structural factor (S) of about
500 pm or less.

The porous layer may have a porosity of about 0.5 or more,
atortuosity (t) of about 2.5 orless, and a thickness (t) of about
200 pum or less.

The polyacrylonitrile copolymer may include a repeating
unit represented by the following Chemical Formula 1, a
repeating unit represented by the following Chemical For-
mula 2, and a repeating unit represented by the following
Chemical Formula 3.

[Chemical Formula 1]

CN
[Chemical Formula 2]
*
* mn
Ll
3
[Chemical Formula 3]
*
* 4
LZ
RZ

In Chemical Formulae 1 to 3, when the sum of n, m, and o
is 1, n ranges from 0.5 to 0.99 and m+o ranges from 0.01 to
0.5,L* and L? are the same or different and are each indepen-
dently —CR'R"—, —NR'—, —S—, —S8(0),—, —0—,
—C(0)O—, —NR'C(O)—, or a combination thereof, R' and
R" are the same or different and are each independently
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hydrogen, deuterium, a substituted or unsubstituted C1 to
C10 alkyl group, a substituted or unsubstituted C6 to C30 aryl
group, a substituted or unsubstituted C3 to C30 heteroaryl
group, a halogen, or a combination thereof, R* is a hydro-
philic or hydrophobic substituent, and R? is a hydrophilic or
hydrophobic substituent.

The copolymer may have a weight average molecular
weight of about 10,000 to about 200,000.

The copolymer may have a polydispersity of about 1.0 to
about 10.0.

The copolymer may include a repeating unit represented
by the following Chemical Formula 4.

[Chemical Formula 4]

In Chemical Formula 4, when the sum of n, m, and o is 1,
n ranges from 0.5 to 0.99 and m+o ranges from 0.01 to 0.5, p
is an integer ranging from 10 to 10,000, L' and I are the same
or different and are each independently —CR'R"—,
—NR'—, —S—, —S(0),—, —O0—, —C(0)O—, —NR'C
(O)—, or a combination thereof, R' and R" are the same or
different and are each independently hydrogen, deuterium, a
substituted or unsubstituted C1 to C10 alkyl group, a substi-
tuted or unsubstituted C6 to C30 aryl group, a substituted or
unsubstituted C3 to C30 heteroaryl group, a halogen, or a
combination thereof, R! is a hydrophilic or hydrophobic sub-
stituent, and R? is a hydrophilic or hydrophobic substituent.

The copolymer may include a repeating unit represented
by the following Chemical Formula 5.

[Chemical Formula 5]

CN

1!

Rr!

In Chemical Formula 5, when the sum of n and mis 1, n
ranges from 0.5 to 0.99 and m ranges from 0.01 t0 0.5, p is an
integer ranging from 10 to 10,000, L' is —CRR"—,
—NR'—, —S—, —S(0),—, —O0—, —C(0)0O—, —NR'C
(O)—, or a combination thereof, R' and R" are the same or
different and are each independently hydrogen, deuterium, a
substituted or unsubstituted C1 to C10 alkyl group, a substi-
tuted or unsubstituted C6 to C30 aryl group, a substituted or
unsubstituted C3 to C30 heteroaryl group, a halogen, or a
combination thereof, and R" is a hydrophilic or hydrophobic
substituent.

The hydrophilic substituent may include —OH, —SH,
—NH,, —COOH, —SO;H, a halogen, salts thereof, or a
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combination thereof, and the hydrophilic substituent may
include a low molecular group, an oligomeric group, or a
polymeric group.

The hydrophobic substituent may include a substituted or
unsubstituted C1 to C10 alkyl group, a substituted or unsub-
stituted C5 to C30 aryl group, a fluorinated substituent
thereof, or a combination thereof, and the hydrophobic sub-
stituent may be a low molecular group, an oligomeric group,
or a polymeric group.

In the fluorinated substituent, the substituent may be a
substituted or unsubstituted C1 to C10 alkyl group, a substi-
tuted or unsubstituted C5 to C30 aryl group, or a combination
thereof.

According to another non-limiting embodiment, a method
of manufacturing a membrane including a skin layer and a
porous layer is provided that may include preparing a organic
solution including about 5 wt % to about 30 wt % of a
polyacrylonitrile-based copolymer, about 1 wt % to about 10
wt % of a pore-forming agent, and about 60 wt % to about 94
wt % of an organic solvent, applying the organic solution to a
substrate, and/or dipping the substrate applied with the
organic solution in a non-solvent.

A thickness ratio of the skin layer relative to the porous
layer may be about 0.01 or less. The skin layer may have a
thickness of 1 um or less. The polyacrylonitrile-based copoly-
mer may include a hydrophobic side chain and/or a hydro-
phobic repeating unit.

The membrane may have a structural factor (S) of about
500 pm or less.

The porous layer may have porosity of about 0.5 or more,
a tortuosity of about 2.5 or less, and a thickness of about 200
pum or less.

The polyacrylonitrile copolymer may include a repeating
unit represented by the following Chemical Formula 1, a
repeating unit represented by the following Chemical For-
mula 2, and a repeating unit represented by the following
Chemical Formula 3.

[Chemical Formula 1]

CN
[Chemical Formula 2]
*
* mn
Ll
u
[Chemical Formula 3]
*
* 4
L2
RZ
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In Chemical Formulae 1 to 3, when the sum of n, m, and o
is 1, n ranges from 0.5 to 0.99 and m+o ranges from 0.01 to
0.5, 1" and L? are the same or different and are each indepen-
dently —CRR"—, —NR'—, —S—, —S8(0),—, —0—,
—C(0)O—, —NR'C(O)—, or a combination thereof, R' and
R" are the same or different and are each independently
hydrogen, deuterium, a substituted or unsubstituted C1 to
C10 alkyl group, a substituted or unsubstituted C6 to C30 aryl
group, a substituted or unsubstituted C3 to C30 heteroaryl
group, a halogen, or a combination thereof, R* is a hydro-
philic or hydrophobic substituent, and R? is a hydrophilic or
hydrophobic substituent.

The process of applying the organic solution to a substrate
may be a process of coating the substrate with the organic
solution to a thickness of about 100 um to about 300 um.

The pore-forming agent may include polyvinylpyrroli-
done, polyethylene glycol, polyethyloxazoline, glycerol, eth-
ylene glycol, diethylene glycol, ethanol, methanol, acetone,
phosphoric acid, acetic acid, propanoic acid, lithium chloride,
lithium nitrate, lithium perchlorate, or a combination thereof.

The organic solvent may include dimethyl formamide,
dimethylsulfoxide, dimethylacrylamide, methylpyrrolidone,
or a combination thereof.

According to another non-limiting embodiment, a com-
posite membrane is provided that may include a polymer
layer, and a support disposed on one side or both sides of the
polymer layer. The support may include the membrane
according to example embodiments.

The support may have a thickness of about 0.01 um to
about 500 pm.

The polymer layer may be a microfiltration membrane, an
ultrafiltration membrane, a nanofiltration membrane, a
reverse osmotic membrane, or a forward osmotic membrane.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a cross-sectional view of a membrane including a
skin layer and a porous layer.

FIG. 2 is a schematic view illustrating a process for pro-
viding a membrane using a polyacrylonitrile homopolymer
according to a non-solvent induced phase separation.

FIG. 3 is a schematic view illustrating a process for pro-
viding a membrane using a polyacrylonitrile copolymer
according to a non-solvent induced phase separation.

FIG. 4 is a schematic view illustrating a contact angle
formed between the surface of a substrate and a droplet.

FIG. 5 shows data of contact angles of copolymers pre-
pared according to Examples 1 and 2 and a homopolymer
prepared according to Comparative Example 1 with respect to
water.

FIG. 6 is a SEM photograph showing a cross-section of a
membrane formed according to Example 3.

FIG. 7 is a SEM photograph showing a cross-section of a
membrane formed according to Example 4.

FIG. 8 is a SEM photograph showing a cross-section of a
membrane formed according to Comparative Example 2.

FIG. 9 shows data comparing a thickness and a structural
factor of membranes according to Example 3 and Compara-
tive Example 2.

DETAILED DESCRIPTION

This disclosure will be described more fully hereinafter
with reference to the accompanying drawings, in which vari-
ous example embodiments are shown. This disclosure may,
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however, be embodied in many different forms and is not to be
construed as limited to the example embodiments set forth
herein.

As used herein, when a definition is not otherwise pro-
vided, the term “substituted” may refer to one substituted
with a C1 to C30 alkyl group, a C1 to C10 alkylsilyl group, a
C3 to C30 cycloalkyl group, a C6 to C30 aryl group, a C2 to
C30 heteroaryl group, a C1 to C10 alkoxy group, a fluoro
group, a C1 to C10 trifluoroalkyl group such as a trifluorom-
ethyl group, or a cyano group.

As used herein, when a definition is not otherwise pro-
vided, the term “hetero” may refer to a functional group
including 1 to 3 heteroatoms selected from the group consist-
ing of N, O, S, and P, with the remaining atoms being essen-
tially carbon.

As used herein, when a definition is not otherwise pro-
vided, the term “combination thereof” refers to at least two
substituents bound to each other by a linker, or at least two
substituents condensed to each other.

As used herein, when a definition is not otherwise pro-
vided, the term “alkyl group” may refer to a “saturated alkyl
group” without a double bond or a triple bond, or an “unsat-
urated alkyl group” including at least one of an alkenyl group
or alkynyl group. The term “alkenyl group” may refer to a
substituent in which at least two carbon atoms are bound in at
least one carbon-carbon double bond, and the term “alkynyl
group” may refer to a substituent in which at least two carbon
atoms are bound in at least one carbon-carbon triple bond.
The alkyl group may be a branched, linear, or cyclic group.

The alkyl group may be a C1 to C20 alkyl group, and more
specifically a C1 to C6 alkyl group, a C7 to C10 alkyl group,
ora Cl11 to C20 alkyl group.

For example, a C1-C4 alkyl may have 1 to 4 carbon atoms,
and may be selected from the group consisting of methyl,
ethyl, propyl, iso-propyl, n-butyl, iso-butyl, sec-butyl, and
t-butyl.

Representative examples of an alkyl group may be selected
from a methyl group, an ethyl group, a propyl group, an
isopropyl group, a butyl group, an isobutyl group, a t-butyl
group, a pentyl group, a hexyl group, an ethenyl group, a
propenyl group, a butenyl group, a cyclopropyl group, a
cyclobutyl group, a cyclopentyl group, a cyclohexyl group, or
the like.

The term “aromatic group” may refer to a substituent
including a cyclic structure where all elements have p-orbitals
that form conjugation. For example, an aryl group and/or a
heteroaryl group may be utilized.

The term “aryl group” may refer to a monocyclic or fused
ring-containing polycyclic (i.e., rings sharing adjacent pairs
of carbon atoms) groups.

The “heteroaryl group” may refer to one including 1 to 3
heteroatoms selected from N, O, S, or P in an aryl group, with
the remaining atoms being essentially carbons. When the
heteroaryl group is a fused ring, each ring may include 1 to 3
heteroatoms.

The term “spiro structure” refers to a cyclic structure hav-
ing a contact point of one carbon. Further, the Spiro structure
may be used as a compound including the spiro structure or a
substituent including the Spiro structure.

In a non-limiting embodiment, a membrane including a
polyacrylonitrile-based copolymer may be provided. The
polyacrylonitrile-based copolymer may include a hydropho-
bic side chain or a hydrophobic repeating unit. The membrane
may include a skin layer and a porous layer. A thickness ratio
of'the skin layer relative to the porous layer may be about 0.01
or less. The skin layer may have a thickness of about 1 um or
less.
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FIG. 1 is a cross-sectional view of a membrane including a
skin layer and a porous layer.

When the membrane is fabricated according to a non-
solvent induced phase separation (NIPS), the membrane
includes a skin layer 101 and a porous layer 102.

The skin layer 101 may be a layer having a relatively high
density, and the porous layer 102 may be a layer having a
relatively low density.

A structural factor (S) may be used to evaluate the water
flux of a layer.

The structural factor (S) refers to the value considering
factors affecting the structure when water is substantially
permeated through the membrane.

The structural factor (S) may be represented by the follow-
ing Equation 1.

5= Tz [Equation 1]
&

In Equation 1, S is a structural factor of the membrane; € is
aporosity of the membrane; T is a tortuosity of the membrane;
and t is a thickness of the membrane.

Hereinafter, the structural factor (S) is described in further
detail.

First, the thickness (t) refers to a thickness of the mem-
brane. When the thickness is increased, the distance of per-
meating water through the membrane is increased, so the
structural factor (S) is increased. The unit of thickness is um.

The tortuosity (t) of the membrane is a ratio of the sub-
stantial transport passage of water in the membrane to the
thickness of the membrane. The tortuosity of 1 means that
water may vertically pass the membrane in the thickness
direction of the membrane without resistance. If there is a
structure that interferes with water transportation in the mem-
brane (e.g., the membrane has a relatively high density), the
tortuosity may be increased. Accordingly, the lowest value of
tortuosity is 1, and the unit of measure does not exist since it
is aratio. If the tortuosity is increased, the structural factor (S)
may be increased.

The porosity (€) of the membrane refers to a ratio of pores
to the inside volume of the membrane. In other words, a
porosity of 1 means that the inside of the membrane is empty.
Ifthe porosity is decreased, this is considered to increase the
density. When the porosity is increased, the factor of resis-
tance of the water transfer is decreased, so the structural factor
is decreased. The porosity is also a ratio, so it has no unit of
measure.

If the structural factor of the membrane is evaluated when
separating the skin layer 101 and the porous layer 102, it is
understood that the structural factor of the skin layer 101 will
have a greater impact on the total structural factor than the
structural factor of the porous layer 102. In other words, the
porous layer 102 will have less of an effect on the total
structural factor of the membrane due to its relatively high
porosity and its relatively low tortuosity.

In order to decrease the structural factor of the skin layer
101, it may be necessary to increase the porosity, decrease the
tortuosity, and decrease the thickness.

Among the various factors, increasing the porosity and
decreasing the tortuosity may not be as effective due to the
characteristics of the skin layer 101 having a relatively high
density.

Accordingly, decreasing the structural factor of the skin
layer 101 may be more effectively performed by decreasing
the thickness of the skin layer 101.
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A membrane according to a non-limiting embodiment may
have a ratio of thickness of the skin layer 101 to thickness of
the porous layer 102 of about 0.01 or less, which effectively
decreases the structural factor of the skin layer 101.

The structural factor (S) of the membrane may be about
500 um or less, for example, about 250 um or less or about 200
pum or less.

In addition, the porous layer 102 may have porosity (€) of
about 0.5 or more, a tortuosity (t) of about 2.5 or less, and a
thickness (t) of about 200 pm or less.

Within such ranges, a membrane satisfying the structural
factor (S) range may be obtained.

The membrane may include a polyacrylonitrile-based
copolymer. For example, it may provide a thinner skin layer
101 due to the polyacrylonitrile-based copolymer.

FIGS. 2 and 3 are views showing a part of a process for
providing a membrane according to a non-solvent induced
phase separation.

For example, FIG. 2 is a view showing the step of dipping
the polymer solution in the non-solvent while providing a
membrane according to a non-solvent induced phase separa-
tion.

As shown in FIG. 2, since a polyacrylonitrile homopoly-
mer 201 is strongly hydrophilic, it maintains a bond with a
conventional solvent 202 even if dipped in the non-solvent, so
the phase-transition between non-solvent and solvent is not
effectively performed.

As a result, the non-solvent is insufficiently permeated to
decrease the thickness of the porous layer that may be pro-
duced when the non-solvent is removed, and the thickness of
the skin layer 101 may be relatively thicker. Thereby, the
structural factor of the membrane is increased.

FIG. 3 is a view showing the step of dipping the copolymer
solution in the non-solvent while providing a membrane
according to a non-solvent induced phase separation.

As shown in FIG. 3, since a part of a repeating unit 303 of
the polyacrylonitrile-based copolymer 301 is hydrophobic, it
has a relatively weak bonding property with a solvent 302, so
the phase transition with the non-solvent is more effectively
generated.

As a result, the porous layer 102 may be more effectively
produced, causing the thickness of the skin layer 101 to be
decreased.

Therefore, the overall structural factors of the membrane
may be decreased.

The hydrophilicity and hydrophobicity may be measured
by a contact angle as follows.

Generally, a polyacrylonitrile homopolymer is known to
have a relatively strong hydrophilic property. To manifest the
hydrophilic property, a membrane is formed of a polyacry-
lonitrile homopolymer and used as a substrate, and a method
of measuring a contact angle by dripping a water droplet on
the surface of the substrate may be used.

The term “contact angle” used in the present specification
is defined as follows.

FIG. 4 is a schematic view illustrating a contact angle
formed between the surface of a substrate and a droplet.

Generally, the shape of a bell-type droplet 2 existing on the
surface of a substrate 1 may be defined as a contact angle (0).
The following Equation 2 (Young’s Equation) is realized
among the contact angle (0), surface tension (yL) of a droplet,
and surface energy (vS) of a substrate. In Equation 2, yL.S
denotes interface energy between the surface of the substrate
1 and the droplet 2.

cos 0=(yS-yLS)/yL [Equation 2]
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yLS decreases along with a decrease of vS, and when yS is
decreased, it is generally known that the decrease amount of
yLS is smaller than yS (e.g., refer to D. T. Kaelble and J.
Adhesion, Vol. 2 1970, pp. 66-81). Therefore, when the sur-
face energy vS of the substrate 1 is decreased, the right side
value of Equation 2 is decreased and the contact angle (0) is
increased. Therefore, the droplet 2 discharged onto the sur-
face ofthe substrate 1 shrinks as time passes. Equation 2 may
be represented by a vector as shown in FIG. 4.

In short, when the contact angle of the droplet 2 is small, it
means that the droplet 2 is spread wide on the substrate 1 and
this means that the substrate 1 and the droplet 2 have a
chemical attraction with each other.

The contact angle of the polysulfone membrane with
respect to water that is used for reverse osmosis at present is
about 95°. The contact angle of the polyacrylonitrile mem-
brane with respect to water is about 49°, which is more
hydrophilic than a conventional membrane.

The polyacrylonitrile copolymer according to a non-limit-
ing embodiment may have a contact angle of about 50° to 89°,
or about 60° to 89°, about 70° to 89°, or about 73° to 89°.

The polyacrylonitrile copolymer may include a repeating
unit represented by the following Chemical Formula 1, a
repeating unit represented by the following Chemical For-
mula 2, and a repeating unit represented by the following
Chemical Formula 3.

[Chemical Formula 1]

*
* n
CN
[Chemical Formula 2]
*
* mn
L 1
Rl
[Chemical Formula 3]
*
* 4
L2
RZ

In Chemical Formulae 1 to 3, when the sum of n, m, and o
is 1, n ranges from 0.5 to 0.99 and m+o ranges from 0.01 to
0.5,L" and L? are the same or different and are each indepen-
dently —CRR"—, —NR'—, —S—, —S8(0),—, —0—,
—C(0)O—, —NR'C(O)—, or a combination thereof, R' and
R" are the same or different and are each independently
hydrogen, deuterium, a substituted or unsubstituted C1 to
C10 alkyl group, a substituted or unsubstituted C6 to C30 aryl
group, a substituted or unsubstituted C3 to C30 heteroaryl
group, a halogen, or a combination thereof, R* is a hydro-
philic or hydrophobic substituent, and R? is a hydrophilic or
hydrophobic substituent.
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In a case of a polyacrylonitrile copolymer including a
repeating unit represented by Chemical Formula 2 or 3, a
small amount of hydrophobicity is given to the entire copoly-
mer due to the presence of a phenylene group included in the
repeating unit represented by Chemical Formula 2 or 3.

Also, the hydrophilicity and hydrophobicity of the entire
copolymer may be adjusted by appropriately controlling the
R' and R” substituents.

As stated above, the thickness of the skin layer 101 of the
membrane may be decreased by adjusting the hydrophilicity
and the hydrophobicity of the polyacrylonitrile copolymer.

The copolymer may have a weight average molecular
weight of about 10,000 to about 500,000, about 10,000 to
about 400,000, or about 10,000 to about 200,000. When the
weight average molecular weight falls in the above range, it is
easier to control a pore structure. When the weight average
molecular weight is more than about 500,000, viscosity,
which is an important factor for manufacturing a membrane,
is increased and the formation of pores may be adversely
affected.

The copolymer may have polydispersity of about 1.0 to
about 10.0. Within the range, the physical properties of the
membrane may be reproduced with relative ease.

The copolymer may include a repeating unit represented
by the following Chemical Formula 4.

[Chemical Formula 4]

In Chemical Formula 4, when the sum of n, m, and o is 1,
n ranges from 0.5 to 0.99, and m+o ranges from 0.01 t0 0.5, p
is an integer ranging from 10 to 10,000, L' and L. are the same
or different and are each independently —CR'R"—,
—NR'—, —S§—. —S§(0),—, —O0—, —C(0)O—, —NR'C
(O)—, or a combination thereof, R' and R" are the same or
different and are each independently hydrogen, deuterium, a
substituted or unsubstituted C1 to C10 alkyl group, a substi-
tuted or unsubstituted C6 to C30 aryl group, a substituted or
unsubstituted C3 to C30 heteroaryl group, a halogen, or a
combination thereof, R! is a hydrophilic or hydrophobic sub-
stituent, and R? is a hydrophilic or hydrophobic substituent.

When a polyacrylonitrile copolymer is formed in the same
order of the repeating unit represented by the above Chemical
Formula 4, the merit of the polyacrylonitrile homopolymer is
maintained while the wettability of the polyacrylonitrile is
more easily controlled.

The copolymer may include a repeating unit represented
by the following Chemical Formula 5.

[Chemical Formula 5]

CN

Rr!



US 9,156,009 B2

11

In Chemical Formula 5, when the sum of n and mis 1, n
ranges from 0.5 t0 0.99, and m ranges from 0.01t0 0.5, pis an
integer ranging from 10 to 10,000, L' is —CR'R"—,
—NR'—, —S—. —S(0),—, —O0—, —C(0)0—, —NR'C
(O)—, or a combination thereof, R' and R" are the same or
different and are each independently hydrogen, deuterium, a
substituted or unsubstituted C1 to C10 alkyl group, a substi-
tuted or unsubstituted C6 to C30 aryl group, a substituted or
unsubstituted C3 to C30 heteroaryl group, a halogen, or a
combination thereof, and R" is a hydrophilic or hydrophobic
substituent.

It is relatively easy to control the substitution ratio of a
hydrophilic or hydrophobic substituent, the weight average
molecular weight, and the polydispersity of the polyacryloni-
trile copolymer including the repeating unit represented by
the above Chemical Formula 5, compared with the polyacry-
lonitrile copolymer including the repeating unit represented
by the above Chemical Formula 4. Also, the polyacrylonitrile
copolymer including the repeating unit represented by the
above Chemical Formula 5 may be more advantageous in
terms of product yield and refining of a product than the
polyacrylonitrile copolymer including the repeating unit rep-
resented by the above Chemical Formula 4.

The hydrophilic substituent may include —OH, —SH,
—NH,, —COOH, —SO;H, a halogen, salts thereof, or a
combination thereof, and the hydrophilic substituent may
include a low molecular group, an oligomeric group, or a
polymeric group. However, they are not limited thereto.

In addition, the low molecular group may have a molecular
weight of about 1000 or less; the oligomeric group may have
a molecular weight of about 1500 or less or a molecular
weight of about 1000 to 1500; and the polymeric group may
have a weight average molecular weight of about 1500 to
500,000, a weight average molecular weight of about 1500 to
400,000, a weight average molecular weight of about 1500 to
200,000, a weight average molecular weight of about 1500 to
10,000, or a weight average molecular weight of about 10,000
to 200,000. However, they are not limited thereto.

The hydrophobic substituent may include a substituted or
unsubstituted C1 to C10 alkyl group, a substituted or unsub-
stituted C5 to C30 aryl group, a fluorinated substituent or
combination thereof, and the hydrophobic substituent may be
a low molecular group, an oligomeric group, or a polymeric
group. However, they are not limited thereto.

In addition, the low molecular group may have a molecular
weight of about 1000 or less; the oligomeric group may have
a molecular weight of about 1500 or less or a molecular
weight of about 1000 to 1500; and the polymeric group may
have a weight average molecular weight of about 1500 to
500,000, a weight average molecular weight of about 1500 to
400,000, a weight average molecular weight of about 1500 to
200,000, a weight average molecular weight of about 1500 to
10,000, or a weight average molecular weight of about 10,000
to 200,000. However, they are not limited thereto.

In the fluorinated substituent, the substituent may be a
substituted or unsubstituted C1 to C10 alkyl group, a substi-
tuted or unsubstituted C5 to C30 aryl group, or a combination
thereof.

According to another non-limiting embodiment, a method
of manufacturing a membrane including the skin layer 101
and the porous layer 102 may include the following pro-
cesses: preparing a organic solution including about 5 wt % to
about 30 wt % of a polyacrylonitrile-based copolymer, about
1 wt % to about 10 wt % of a pore-forming agent, and about
60 wt % to about 94 wt % of an organic solvent, applying the
organic solution to a substrate, and dipping the substrate
applied with the organic solution in a non-solvent.
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The ratio of a thickness of the skin layer 101 to the thick-
ness of the porous layer 102 may be about 0.01 or less, the
thickness of'the skin layer 101 may be about 1 pum or less, and
the polyacrylonitrile-based copolymer may include a hydro-
phobic side chain and/or a hydrophobic repeating unit.

A membrane may be fabricated by using an organic solu-
tion composition including about 5 to 30 wt % of the poly-
acrylonitrile-based copolymer, about 1 to 10 wt % of the
pore-forming agent, and about 60 to 94 wt % of the organic
solvent. Such ranges may provide a membrane accordingto a
non-solvent induced phase separation (NIPS).

The non-solvent induced phase separation is a method of
fabricating a membrane that may include dissolving a poly-
mer in a solvent and dipping the same in a non-solvent. The
method provides a membrane relatively easily and economi-
cally, and may be applied to provide various membranes.

The membrane may have a structural factor (S) of about
500 pm or less, for example, about 200 pm or less.

In addition, the porous layer 102 may have porosity of
about 0.5 or more, tortuosity of about 2.5 or less, and a
thickness of about 200 pm or less.

The detailed description regarding the structural factor is
omitted since it may be as discussed in connection with the
above embodiment.

A method of manufacturing a membrane including a poly-
acrylonitrile-based copolymer including a repeating unit rep-
resented by the following Chemical Formula 1, a repeating
unit represented by the following Chemical Formula 2, and a
repeating unit represented by the following Chemical For-
mula 3 is provided.

[Chemical Formula 1]

CN
[Chemical Formula 2]
*
* mn
Ll
u
[Chemical Formula 3]
*
* 4
L2
RZ

In Chemical Formulae 1 to 3, when the sum of n, m, and o
is 1, n ranges from 0.5 to 0.99 and m+o ranges from 0.01 to
0.5,L* and L? are the same or different and are each indepen-
dently —CR'R"—, —NR'—, —S—, —S8(0),—, —0—,
—C(0)O—, —NR'C(O)—, or a combination thereof, R' and
R" are the same or different and are each independently
hydrogen, deuterium, a substituted or unsubstituted C1 to
C10 alkyl group, a substituted or unsubstituted C6 to C30 aryl
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group, a substituted or unsubstituted C3 to C30 heteroaryl
group, a halogen, or a combination thereof, R* is a hydro-
philic or hydrophobic substituent, and R is a hydrophilic or
hydrophobic substituent.

The polyacrylonitrile-based copolymer may be as dis-
cussed in connection with the copolymer according to the
above embodiment, so the detailed description is omitted.

The substrate may be a glass plate or a polyester non-
woven fabric, but is not limited thereto.

The coating the organic solution on the substrate may be
performed by coating the organic solution on the substrate in
athickness of about 100 to 300 pm. The thickness range may
be adjusted according to a required thickness of the mem-
brane.

The pore-forming agent may include polyvinylpyrroli-
done, polyethylene glycol, polyethyloxazoline, glycerol, eth-
ylene glycol, diethylene glycol, ethanol, methanol, acetone,
phosphoric acid, acetic acid, propanoic acid, lithium chloride,
lithium nitrate, lithium perchlorate, or a combination thereof,
but is not limited thereto.

The organic solvent may include dimethyl formamide,
dimethylsulfoxide, dimethylacrylamide, methylpyrrolidone,
or a combination thereof, but is not limited thereto.

The non-solvent is a general item that may be acquired
relatively easily. For instance, water may be the non-solvent,
because it is advantageous in terms of price.

According to another non-limiting embodiment, a com-
posite membrane may include a polymer layer, and a support
that includes the membrane in accordance with an example
embodiment described above and formed on one or both sides
of the polymer layer.

The membrane may be manufactured in the form of a
single layer by using the polyacrylonitrile-based copolymer
prepared in accordance with a non-limiting embodiment, or
the membrane may be manufactured in the form of a com-
posite membrane by using the polyacrylonitrile-based
copolymer as a support and causing it to be bonded with a
polymer layer.

As described above, when a forward osmotic water treat-
ment module is used, the composite layer-type membrane
may be more appropriate.

The support may have a thickness ranging from about 0.01
um to about 500 pm. Within the range, not only may the water
flux be maintained, but also the membrane may have a proper
hardness.

The polymer layer may be a microfiltration membrane, an
ultrafiltration membrane, a nanofiltration membrane, a
reverse osmotic membrane, or a forward osmotic membrane.

A water treatment module using a membrane manufac-
tured according to a non-limiting embodiment may be pro-
vided.

The water treatment module may be based on forward
osmosis, but the scope of this disclosure is not limited thereto.

A forward osmosis module is described hereafter using
desalination as an example.

Forward osmosis is a method of bringing a high-concen-
tration inducing solute and sea water into contact with a
semipermeable membrane between them to thereby make
fresh water from the sea water to be absorbed into the induc-
ing solute and then separating the fresh water out of the
inducing solute.

Forward osmotic desalination is a process of transmitting
fresh water out of the sea water toward a high-concentration
solution based on an osmosis phenomenon between both
sides of the membrane by using the inducing solute, separat-
ing/condensing the inducing solute in the diluted inducing
solution, and reusing the inducing solute.
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Hereinafter, various embodiments are illustrated in more
detail with reference to the following examples. However, it
should be understood that the following are merely example
embodiments and should not be construed as limiting.

Preparation of Polyacrylonitrile-Based Copolymer
Example 1

A polyacrylonitrile copolymer including a repeating unit
represented by the following Chemical Formula 6 is pre-
pared.

[Chemical Formula 6]

CH,CL

When it is assumed that the amount of acrylonitrile is about
20 g (376.9 mmol), the amount of chloromethylstyrene is
about 15.47 g (94.2 mmol), and the amount of acrylonitrile
and chloromethylstyrene is about 100 wt %, about 0.5 wt % of
azobisisobutyronitrile (AIBN), which is a radical initiator, is
put into refined tetrahydrofuran (THF) and the mixed solution
is agitated at about 60° C. for about 24 hours.

The solution acquired after the agitation is cooled to room
temperature, and a polymer is dipped using a mixed solvent of
ethanol and hexane mixed at a weight ratio of' about 3:1. The
dipped polymer is sufficiently rinsed with methanol and
water, and is dried to thereby obtain a polyacrylonitrile
copolymer.

Example 2

A polyacrylonitrile copolymer including a repeating unit
represented by the following Chemical Formula 7 is pre-
pared.

[Chemical Formula 7]

CIHLCI

About 22.5 g (424 mmol) of acrylonitrile, about 7.73 g (47
mmol) of chloromethylstyrene, and about 0.5 wt % of radical
initiator of azobisisobutyronitrile (AIBN), wherein the
amount of the acrylonitrile and chloromethylstyrene is about
100 wt %, are added into the purified tetrahydrofuran (THF),
and the mixture is agitated at about 60° C. for about 24 hours.

The agitated solution is cooled to room temperature, and
the polymer is dipped using a mixed solvent (weight ratio of
3:1) of ethanol and hexane. The dipped polymer is sufficiently
washed with methanol and water and dried to provide a poly-
acrylonitrile copolymer.
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Comparative Example 1

A polyacrylonitrile homopolymer is used.
Manufacturing Membrane

Example 3

A membrane is manufactured using the polyacrylonitrile
copolymer prepared according to Example 1.

A composition is prepared by dissolving about 5 g of the
polyacrylonitrile copolymer prepared according to Example
1 in about 25.67 g of dimethyl formamide, and dissolving
about 1.33 g of lithium chloride and about 1.33 g of polyvi-
nylpyrrolidone. The prepared composition is poured onto a
polyester non-woven fabric set on a glass plate, and the coat-
ing liquid thickness is controlled by using a film applicator.
Subsequently, a water treatment membrane including a poly-
mer layer having a thickness of about 200 um is manufactured
by dipping the filtration membrane coated with the coating
liquid in an aqueous solution at room temperature for about
24 hours, and then drying it.

Example 4

A membrane is manufactured according to the same
method as Example 3, except that the polyacrylonitrile
copolymer prepared according to Example 2 is used instead
of the polyacrylonitrile copolymer prepared according to
Example 1.

Comparative Example 2

A membrane is manufactured according to the same
method as Example 3, except that the polyacrylonitrile
copolymer prepared according to Comparative Example 1 is
used instead of the polyacrylonitrile copolymer prepared
according to Example 1.

Contact Angle of Polymer

The contact angles of the copolymers prepared according
to Examples 1 and 2 with respect to water and the contact
angle of the homopolymer prepared according to Compara-
tive Example 1 with respect to water are measured.

The contact angles are measured using distilled water as a
wetting liquid. Specimens of the copolymers prepared
according to Examples 1, 2, and 3 and Comparative Example
1 are prepared in a standard state and dried using a lyophilizer,
and then the static contact angles are measured more than 5
times and an average value thereof is obtained.

FIG. 5 shows data of the contact angles of the copolymers
prepared according to Examples 1 and 2 and the homopoly-
mer prepared according to Comparative Example 1 with
respect to water.

The contact angle of the copolymer prepared according to
Example 1 averages about 73°, and the contact angle of the
copolymer prepared according to Example 2 averages about
60°.

On the other hand, the contact angle of the homopolymer
prepared according to Comparative Example 1 averages
about 50°, so the copolymers prepared according to
Examples 1 and 2 are more hydrophobic than the homopoly-
mer prepared according to Comparative Example 1.

SEM Photograph of Membrane

FIG. 6 is a SEM photograph showing a cross-section of the
membrane formed according to Example 3, and FIG. 7 is a
SEM photograph showing a cross-section of the membrane
formed according to Example 4. Also, FIG. 8 is a SEM
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photograph showing a cross-section of the membrane formed
according to Comparative Example 2.

From the drawings, the thickness of the skin layer of each
membrane is measured.

The membrane obtained from Example 3 has a skin layer
thickness of about 0.2 to 0.4 pm, and the membrane obtained
from Example 4 has a skin layer thickness of about 0.2 t0 0.3
pm.

On the other hand, the membrane obtained from Compara-
tive Example 2 has a skin layer thickness of about 4.5 to 5 um,
which is thicker than those obtained from Examples 3 and 4.
Measurement of Water Flux of Manufactured Membrane

The water flux of the membrane manufactured according
to Example 3 and the membrane manufactured according to
Comparative Example 2 are measured.

The manufactured membrane is set in a cell having an
effective area of about 600 cm® for measurement and com-
pressed under a pressure of about 2 kg/cm? for about 2 hours,
and is then measured under pressure of about 1 kg/cm?.

The measurement values are presented in the following

Table 1.
TABLE 1
Polymer Water flux (LMH)
Example 3 Example 1 434
Comparative Example 2 Comparative Example 1 22

LMH denotes the amount of water permeating per unit
time, [ denotes the amount (liters) of water permeating
through the membrane, while M denotes the area (m?) of the
membrane and H denotes permeating time (hours). In short, it
is an estimation unit for determining how many liters of water
permeate through the membrane of an area of 1 m? in one
hour.

As shown in Table 1, the amount of water permeation of the
membrane according to Example 3 is more than about 20
times that of the membrane according to Comparative
Example 2.

Structural Factor of Obtained Membrane

The membrane obtained from Example 3 and the mem-
brane obtained from Comparative Example 2 are measured
for a structural factor.

The structural factor of the membrane obtained from
Example 3 is calculated as follows.

First, the porosity is about 0.5 or less, which is measured
according to Mercury extrusion. The tortuosity is estimated to
be about 1 by confirming that the pores have a finger structure
through SEM. The thickness is about 100 um, which is mea-
sured by SEM photograph.

The structural factor calculated from the values is about
200 to about 250 um.

The structural factor of the membrane obtained from Com-
parative Example 2 is calculated as follows.

The structural factor of the membrane obtained from Com-
parative Example 2 is measured according to the following
method. The thickness is about 160 um, which is measured by
a SEM photograph.

In Comparative Example 2, the skin layer had a thickness
of'about 4 um which is obtained by referencing the structural
factor of the porous layer (S=200 to 250 um per 1 pm) in the
reference (Journal of membrane science, 355 2010 158-167)
having a similar structure to Comparative Example 2.

In other words, it is calculated by porous layer (4*200
pm)+skin layer (1*¥160/0.5 um).

The calculated structural factor is about 1120 pm.

FIG. 9 shows data of comparing the thickness and the
structural factor of the membranes obtained from Example 3
and Comparative Example 2.
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It is understood that the structural factor of the membrane
obtained from Example 3 is lower than the structural factor of
the membrane obtained from Comparative Example 2. From
the results, it is also understood that the membrane obtained
from Example 3 is more effective in the view of water flux.

While various example embodiments are described herein,
it is to be understood that the disclosure is not limited to such
embodiments. Rather, the disclosure is intended to cover
various modifications and equivalent arrangements included
within the spirit and scope of the appended claims. Therefore,
the aforementioned embodiments should be understood to be
merely examples but not limiting in any way.

DESCRIPTION OF SYMBOLS

101: skin layer

102: porous layer

201: polyacrylonitrile homopolymer
202: solvent

301: polyacrylonitrile-based copolymer
302: solvent

303: hydrophobic repeating unit

1: substrate

2: droplet

What is claimed is:

1. A membrane, comprising:

askin layer and a porous layer, the skin layer and the porous
layer including a polyacrylonitrile-based copolymer, the
polyacrylonitrile-based copolymer consisting of a
repeating unit represented by Chemical Formula 1; and
atleast one selected from a repeating unit represented by
Chemical Formula 2 and a repeating unit represented by
Chemical Formula 3:

[Chemical Formula 1]

*
CN
[Chemical Formula 2]
*
* mn
Ll
Rl
[Chemical Formula 3]
*
* 4
LZ
18

wherein, in Chemical Formulae 1 to 3,
when the sum of n, m, and o is 1, n ranges from 0.8 to 0.99
and m+o ranges from 0.01 to 0.2,
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L' and L? are the same or different and are each indepen-
dently —CR'R"—, —NR'—, —S—, —S(0),—,
—0—, —C(0)0O—, —NR'C(O)—, or a combination

thereof,

R' and R" are the same or different and are each indepen-
dently hydrogen, deuterium, a substituted or unsubsti-
tuted C1 to C10 alkyl group, a substituted or unsubsti-
tuted C6 to C30 aryl group, a substituted or
unsubstituted C3 to C30 heteroaryl group, a halogen, or
a combination thereof,

R! is a hydrophilic or hydrophobic substituent, and
R? is a hydrophilic or hydrophobic substituent,

a thickness ratio of the skin layer relative to the porous
layer being about 0.01 or less, the skin layer having a
thickness of about 1 um or less, and the membrane
having a structural factor (S) of about 500 pm or less.

2. The membrane of claim 1, wherein the porous layer has
aporosity of about 0.5 or more, a tortuosity (t) of about 2.5 or
less, and a thickness (t) of about 200 um or less.

3. The membrane of claim 1, wherein the polyacrylonitrile-
based copolymer has a weight average molecular weight
(Mw) of about 10,000 to about 500,000.

4. The membrane of claim 1, wherein the polyacrylonitrile-
based copolymer has a polydispersity of about 1.0 to about
10.0.

5. The membrane of claim 1, wherein the polyacrylonitrile-
based copolymer includes a repeating unit represented by the
following Chemical Formula 4:

[Chemical Formula 4]

1! 2
| |

R! R?

wherein, in Chemical Formula 4,

when the sum of n, m, and o is 1, n ranges from 0.8 to 0.99
and m+o ranges from 0.01 to 0.2,

p is an integer ranging from 10 to 10,000,

L' and L? are the same or different and are each indepen-

dently —CR'R"—, —NR'—, —S—, —S(0),—,
—0—, —C(0)0O—, —NR'C(O)—, or a combination
thereof,

R' and R" are the same or different and are each indepen-
dently hydrogen, deuterium, a substituted or unsubsti-
tuted C1 to C10 alkyl group, a substituted or unsubsti-
tuted C6 to C30 aryl group, a substituted or
unsubstituted C3 to C30 heteroaryl group, a halogen, or
a combination thereof,

R! is a hydrophilic or hydrophobic substituent, and
R? is a hydrophilic or hydrophobic substituent.

6. The membrane of claim 1, wherein the polyacrylonitrile-
based copolymer includes a repeating unit represented by the
following Chemical Formula 5:
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[Chemical Formula 5]

CN

1!

Rr!

wherein, in Chemical Formula 5,

when the sum of nand m is 1, n ranges from 0.8 to 0.99 and
m ranges from 0.01 to 0.2,
p is an integer ranging from 10 to 10,000,

L'is —CRR"—, —NR'—, —S—, —8§(0),—, —O—,
—C(0)O—, —NRC(O)—, or a combination thereof,
R' and R" are the same or different and are each indepen-
dently hydrogen, deuterium, a substituted or unsubsti-
tuted C1 to C10 alkyl group, a substituted or unsubsti-
tuted C6 to C30 aryl group, a substituted or
unsubstituted C3 to C30 heteroaryl group, a halogen, or

a combination thereof, and

R! is a hydrophilic or hydrophobic substituent.

7. The membrane of claim 1, wherein the hydrophilic sub-
stituent includes —OH, —SH, —NH,, —COOH, —SO;H, a
halogen, salts thereof, or a combination thereof.

8. The membrane of claim 1, wherein the hydrophobic
substituent includes a substituted or unsubstituted C1 to C10
alkyl group, a substituted or unsubstituted C5 to C30 aryl
group, a fluorinated substituent, or a combination thereof.

9. A composite membrane comprising
a polymer layer; and

asupport disposed on at least one side of the polymer layer,
the support including the membrane according to claim

10. The composite membrane of claim 9, wherein the sup-
port has a thickness of about 0.01 pum to about 500 um.

11. The composite membrane of claim 9, wherein the poly-
mer layer is a microfiltration membrane, an ultrafiltration
membrane, a nanofiltration membrane, a reverse osmotic
membrane, or a forward osmotic membrane.

12. A method of manufacturing a membrane including a
skin layer and a porous layer, a thickness ratio of the skin layer
relative to the porous layer being about 0.01 or less, the skin
layer having a thickness of 1 um or less, and the membrane
having a structural factor (S) of about 500 pm or less, the
method comprising:

preparing an organic solution including about 5 wt % to
about 30 wt % of a polyacrylonitrile-based copolymer,
about 1 wt % to about 10 wt % of a pore-forming agent,
and about 60 wt % to about 94 wt % of an organic
solvent, the polyacrylonitrile-based copolymer consist-
ing of a repeating unit represented by Chemical Formula
1; and at least one selected from a repeating unit repre-
sented by Chemical Formula 2 and a repeating unit
represented by Chemical Formula 3:
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[Chemical Formula 1]

CN
[Chemical Formula 2]
*
* mn
Ll
Rl
[Chemical Formula 3]
*
* 4
L2
RZ

wherein, in Chemical Formulae 1 to 3,

when the sum of n, m, and o is 1, n ranges from 0.8 to 0.99
and m+o ranges from 0.01 to 0.2,

L' and L? are the same or different and are each indepen-

dently —CR'R"—, —NR'—, —S—, —S(0),—,
—0—, —C(0)0O—, —NR'C(O)—, or a combination
thereof,

R' and R" are the same or different and are each indepen-
dently hydrogen, deuterium, a substituted or unsubsti-
tuted C1 to C10 alkyl group, a substituted or unsubsti-
tuted C6 to C30 aryl group, a substituted or
unsubstituted C3 to C30 heteroaryl group, a halogen, or
a combination thereof,

R! is a hydrophilic or hydrophobic substituent, and

R? is a hydrophilic or hydrophobic substituent;

applying the organic solution to a substrate to form an
applied substrate; and

dipping the applied substrate in a non-solvent.

13. The method of claim 12, wherein the porous layer has
aporosity of about 0.5 or more, a tortuosity (t) of about 2.5 or
less, and a thickness (t) of about 200 um or less.

14. The method of claim 12, wherein the applying the
organic solution to a substrate is a process of coating the
substrate with the organic solution to a thickness of about 100
pum to about 300 pm.

15. The method of claim 12, wherein the preparing an
organic solution includes adding a pore-forming agent that
comprises polyvinylpyrrolidone, polyethylene glycol, poly-
ethyloxazoline, glycerol, ethylene glycol, diethylene glycol,
ethanol, methanol, acetone, phosphoric acid, acetic acid, pro-
panoic acid, lithium chloride, lithium nitrate, lithium perchlo-
rate, or a combination thereof.

16. The method of claim 12, wherein the preparing an
organic solution includes adding an organic solvent that com-
prises dimethyl formamide, dimethylsulfoxide, dimethy-
lacrylamide, methylpyrrolidone, or a combination thereof.
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